Pinctada maxima is a filter feeder organism obtaining food particles by filtration from water suspension. Filtration and ingestion rate of a large number of benthic filter feeders in a variety of coastal environment have been known influenced by current velocity. The purposes of this study were to examine the effects of current velocity on filtration and ingestion rate of pearl oyster P. maxima and to determine the best current velocity. Randomized Block Design was used in this experiment with four current treatments of 8, 16, 24, and 32 cm s -1 . The results of this experiment demonstrated that current velocity has a marked effect on filtration rate of P. maxima and that this species follows the general pattern of response observed for other bivalves. Different velocity affected filtration and ingestion rate in pearl oyster P. maxima. It was gradual decline in the suspension feeding with increasing velocity. Filtration rate of bivalves with siphons facing into the current, were directly inhibited by hydrodynamic effects on the functioning of the bivalves pump. At increasing current velocity, pressures applied to the inhalant and exhalant aperture facing into the flow would result in higher pressures than that of produced by the ciliary pump, resulting in reduced filtration rate. The highest filtration and ingestion rate in this experiment were obtained at velocity of 8 cm s -1 that achieved 3.409±0.485 l/h and 37.91±1.27 (x10 7 ) cells/h, respectively.
INTRODUCTION
Pinctada maxima belong to genus of Pinctada, class of Bivalves that produces a high value pearl. Research and Development Institute for Mariculture (RDIM) Gondol-Bali, Indonesia has developed technology for hatchery seed production of pearl oyster P. maxima. This species is a filter feeder organism obtaining food by filtration or filtering food particles from water suspension. Filtration rate is defined as pumping rate (Riisgård, 2001 ) and Sebens (1984) determined the flux of material that can be captured and utilized. A large number of filtration measurements have been performed by indirect filtration method. In an aquarium with bivalves and well-mixed seawater and algal cells, filtration rate is determined from the exponential decrease in algal concentration as a function of time. The filtration method has proved to be a reliable method in many filtration studies on bivalves (Riisgård, 2001) . The filtration method first used in Bivalves studies by Fox et al. (1937) and Jørgensen (1949; 1955) . Hereafter, the number of food particles filtered from the suspension by the pearl oysters or feed consumption rate of phytoplankton cells in the digestive tract filtered per unit of time is defined as ingestion rate (Gimin, 2007) .
As pearl oyster is a benthic filter feeder organism, it is recognized that physical processes play a key role in controlling the food supply to benthic filter feeders. Such sessile organisms have access only to the water immediately adjacent to the seabed. Filtration and ingestion rate of a large number of benthic filter feeders in a variety of coastal environments have been known influenced by hydrodynamics (Kirby-Smith, 1972; Walne, 1979; Wildish & Kristmanson, 1997 in Lionel et al., 2007 Leichter & Witman, 1997; Sobral & Widdows, 2000; Petersen et al., 2004) . The influence has mainly been assessed on active filter feeders (Calahan et al., 1989; Grizzle et al., 1992) , studies commonly focusing on the optimal flow characteristics for the feeding behavio r of cultured species (Wildish & Miyares, 1990; Denis et al., 1999) . Numerous studies have been conducted on bivalves. This is certainly the case in the 10-12 species of marine and freshwater bivalves in which the effects of velocity has been examined experimentally (Ackerman, 1999) . The influence of velocity on feeding behavior was studied on the benthic suspension-feeding Metridium senile and the northern horse mussel Modiolus modiolus (Lesse r et al., 1994) , Myt ilus galloprovincialis (Lionel et al., 1999) , Ruditapes decussatus L. (Sobral & Widdows, 2000) , Mytilus trossulus and M. californianus (Ackerman & Nishizaki, 2004) , Cerastoderma edule (Widdows & Navarro, 2007) , and infaunal clam Austrovenus stutchburyi (Jones et al., 2011) .
Velocity led to reduced feeding rate, and that species differ in terms of the range of velocities where maximum suspension feeding or growth rates occur. Moreover, results for Mytilus edulis, showed that filtration or filtration rate increased directly with current velocity to ~25 cm s -1 beyond which filtration rate declined (Wildish & Miyares, 1990) . However, the feeding response of related bivalve P. maxima to current velocity has not been examined. The purposes of this study were to examine the effect of current velocity on filtration and ingestion rate of pearl oyster P. maxima and to determine the current velocity that can provide filtration and ingestion rate of P. maxima with the best value. Given the important role this species plays in the ecosystems, results from this study will also provide essential and important information for predicting the current velocity required for the culture activities of pearl oyster P. maxima.
MATERIALS AND METHODS

Pearl Oysters
Specimens of P. maxima (6 to 7 cm shell length and 50-71 g weight, n = 36) obtained from suspended culture of Research and Development Institute for Mariculture (RDIM) Gondol-Bali, Indonesia. Pearl oysters were cleaned from biofouling and brought into the laboratory. Before the experiment, the pearl oysters were acclimated to experimental diets (Chaetoceros sp.), and temperature in the laboratory for 4 days.
Experimental Device
Filtration and ingestion rate experiments were performed in small flumes (75 cm x 40 cm x 25 cm) filled with 30 L seawater under laboratory conditions. The flumes (modified from Tuchman et al., 2004) equipped with water pump (Aquila P 1200, Aquila P 1600, and Aquila P 5200). Water pump immersed in water and connected with hose to the pipe which has 6 holes to produce a horizontal unidirectional current within the flume and then given an insulation of styrofoam slab which has 6 holes ( Figure 1 ). Current velocity was determined using ball flow (ball suspect) (Illahude, 1999 ). Ball flow released and then following water current at a certain distance and the taken time used to determine the current velocity (Eq. 1).
The pocket net employed in front of the pipe where experimental pearl oysters were contained (Figure 1 ).
Effects of Current Velocity
Randomized Block Design was used in this experiment with four current velocities of 8, 16, 24, and 32 cm s Aquaculture Journal Vol.7 No.2, 2012 were conducted for each current velocity. Three pearl oysters were attached to the pocket net in the flume 15 cm from the pipe with the umbo facing downward, the exhalant siphon facing upward, and the inhalant siphon facing into the current. P. maxima were allowed to acclimate until normal siphoning activity (i.e. opening of valve and protrusion of inhalant and exhalant siphons) it was observed prior to each experiment. Each replicate flume run with a different group of P. maxima (n = 3).
Filtration rate is measured as the volume of water cleared of suspended particles per unit of time. The reduction in the number of particles as a function of time is monitored by taking water samples at fixed time intervals and measuring the particle concentration (Coughlan, 1969) . Filtration rate was calculated using the following equation (Albentosa et al., 1997; Lora-Vilchis, 2001 ):
Further, the number of food particles filtered from the suspension by the pearl oysters or feed consumption rate of phytoplankton cells in the digestive tract filtered per unit of time measured as ingestion rate (Gimin, 2007) . Ingestion rate was calculated using the following equation (Albentosa et al., 1997 , LoraVilchis, 2001 
Effects of current velocity on filtration and ... (Apri I. Supii)
Pearl oysters were allowed to filter for 3 hours at each current velocity. Filtration and ingestion rate was observed at the first, the second and the third hour. This procedure was then repeated for each current velocity.
Experimental Diet
Chaetoceros sp. was used as food source for pearl oysters during the experiment. This microalga was cultured in the laboratory of plankton at Research and Development Institute for Mariculture (RIM) Gondol-Bali. Algal cells were introduced into the flume to obtain a concentration of approximately 18x10 4 cells ml -1 , for 3 pearl oysters (Sulistiyani, 2005) at each trial. Algal cell concentration was counted with haemocytometer.
Data Analysis
Data were analyzed using analysis of variance (ANOVA) test to examine the effects of velocity on pearl oyster filtration and ingestion rate. Data of filtration and ingestion rate were log-transformed to meet the ANOVA assumptions of normality. Following significant ANOVA results, Duncan test of multiple regions was used to examine specific differences among different current velocity.
RESULTS AND DISCUSSION
Results
Filtration Rate
The average of P. maxima filtration rate at different current velocities with concentration of diet of 18x10 4 cells ml -1 at the first, the second and the third hour showed in Table 1 . Table 1 shows that filtration rate from the highest to the lowest was in treatment A that achieved 3.40±0.48 l h , respectively. From the results of normality, homogeneity and additivity tests indicated that the data obtained were normally spread, homogeneous and additive, so that those data meet the assumptions of analysis of variance. Based on the results of ANOVA, showed that different current velocity affected (P<0.01) pearl oyster filtration rate. And then, Duncan test of multiple regions was conducted ( Table 2) .
Result of Duncan test of multiple regions showed that treatment A was significantly different from treatments B, C, and D; treatment B was significantly different from treatments C and D; and treatment C was significantly different from treatment D.
Ingestion Rate
The average of P. maxima ingestion rate at different current velocities with concentration of diet of 18x10 4 cell ml -1 showed in Table  3 . Table 3 shows that ingestion rate from the highest to the lowest was in treatment A which achieved 37.91±1.27 (cells h , respectively. The results of normality, homogeneity and additivity test showed that the data obtained were normally spread, homogeneous and additive so that those data meet the assumptions of analysis of variance. Based on analysis of variance results showed that different current velocity affected (P<0.01) pearl oyster ingestion rate. Furthermore, Duncan test of multiple regions was conducted (Table 4) .
Result of Duncan test of multiple regions
showed that treatment A did not differ from B treatment but significantly different from C and D treatment; B treatment did not differ from C 
DISCUSSION
Filtration Rate
It is proven that fluid dynamic factors, current velocity in this case, had important effect on filtration rate of pearl oyster P. maxima although important species-specific differences were also found. The results of this experiment demonstrated that current velocity had a marked effect on filtration rate of P. maxima and that this species follows the general pattern of response observed for other bivalves. Previous studies have recorded a similar gradual decline in the suspension feeding and/or growth of bivalves with increasing current velocity from 1 to >15 cm s -1 in mussel M. edulis (Wildish & Miyares, 1990) , giant scallop Placopecten magellanicus (Wildish et al., 1987) and , bay scallop Argopecten irradians (Kirby-Smith, 1972) and (Cahalan et al., 1989) , Ruditapes decussates (Sobral & Widdows, 2000) , (MacKenzie et al., 1994) , (Ackerman, 1999) and (Peters & Marrasé, 2000) . Lesser et al. (1994) also stated that higher fluxes, however, do not always give positive results, in which benthic suspension feeders responded both positively and negatively as current velocity increased. Nonsiphonate bivalve molluscs generally show a negative effect of increasing current velocity on filtration or filtration rate (Cahalan et al., 1989) . Moreover, particles are directed towards the mouth by ciliary motions which may be affected by high current velocities (Ward et al., 2003) or a bypass of the gill structure (Wildish et al., 1987; Wildish & Saulnier, 1993) .
The filtration rate of mussel Mytilus edulis was approximately 70% lower at 30 cm s -1 than at 10 cm s -1 (Newell et al., 2001) . Mussels decrease their filtration rate as the current velocity increase from 10 to 30 cm s -1
. At low velocities (0-5 cm s -1 ), filtration rate are flowlimited indirectly due to the effects of reductions in ambient particle concentrations from local refiltration (Wildish & Miyares, 1990 ). On one hand, increasing current velocity has been shown to compensate the effects of particle depletion by replacing the seston-depleted water with a new source of seston. Grizzle et al. (1992) , found a positive correlation between current velocity and growth in Mercenaria mercenaria for velocity of 2-8 cm s -1 with maximum growth at 2-4 cm s -1 and decreased growth in Crassostrea virginica at low velocity (1 cm s -1
). In this range, the hydrodynamic forcing applied on organisms allows filtration processes to proceed up to an optimum rate, but for higher current velocities, water motion becomes a stress source, affecting the efficiency of the filtration system and the energy yielded (Wildish & Kristmanson, 1997 in Lionel et al., 2007 . Filtration rate of bivalves, with siphons facing into the current, are directly inhibited by hydrodynamic effects on the functioning of the bivalves pump (Eckman et al., 1989) , and (Wildish & Saulnier, 1993 ). At increasing current velocity, pressures applied to the inhalant (Wildish & Miyares, 1990 , Newell et al., 2001 or to the exhalant (Wildish & Saulnier, 1993) and (Eckman et al., 1989) aperture facing into the current would result in higher pressures than produced by the ciliary pump, result in slower growth rates or reduced filtration rate. Newell et al., (2001) studied the effects of velocity on exhalant siphon area and valve gape in mussel Mytilus edulis. An increase in current velocity from 10 to 30 cm s -1 caused a highly significant linear decrease in exhalant siphon area but not a significant decrease in valve gape.
Filtration rate are a unimodal function of current velocity. Below 5-10 cm s -1 there is a positive relationship between current velocity and filtration rate as increasing velocity removes localized envelopes of seston depleted water around individuals. Filtration rate are independent of velocity at intermediate at speeds (10-20 cm s -1 ) since particle capture rates are determined by the internal currents generated by the bivalve pump and particle concentration. Further increases in current velocity above 15-20 cm s -1 cause a decline in feeding rate until pumping ceases all together (Rubenstein & Koehl, 1977; Eckman et al., 1989; Cahalan et al., 1989) . But in our study did not perform the filtration rate at current velocity below 8 cm s -1 because the conditions of water pump which can not produce the current velocity below 8 cm s -1 .
Filtration rate at the first, the second, and the third hour showed the decreasing values. At the first hour obtained the highest filtration rate compared to the second and the third hour. Filtration rate at the second and the third hour were relatively stable. Decreased filtration rate relates to the decline in the concentration of microalga and the saturation concentration of the feed in the stomach. According to Mason (1983) , scallop has a rest period in filtering food resulting in decline in filtration rate.
Although filtration rate measured by means of the filtration method of Eq. (2), but generally seems to be reliable, high algal concentrations may cause saturation of the alimentary canal and the bivalves close their valves and restrict the filtration rate: saturation re duction (Riisgård, 2001 ). This phenomenon may explain low filtration rate reported for Mercenaria mercenaria and Ostrea edulis by Walne (1972) , Mytilus edulis by Winter (1973) and Schulte (1975) , for Crassostrea gigas by Gerdes (1983) , and for Tapes philippinarum by Coutteau et al. (1994) . Filtration rate as a function of algal concentration, up to 100,000 Chaetoceros neogracile ce lls ml -1 , was studied in T. philippinarum by Coutteau et al. (1994) , who measured a maximum filtration rate of 2.3 l g-1 h-1 and an incipient limiting concentration of about 25, 000 cells ml -1 , far above most natural biomass levels of phytoplankton.
Toward this end, future studies should couple filtration rate measurement with physiological processes, such as levels of gut fullness and digestive cycles that operate over longer time periods (Pilditch & Grant, 1999) . Moreover, quantifying the time scale over which bivalves are integrating past conditions will also be crucial to providing better predictions of bivalve feeding behaviour and growth (Bayne, 1993 in Pilditch & Grant, 1999 .
Ingestion Rate
The highest ingestion rate of pearl oyster is on treatment A, because of filtration rate results are also achieved the highest value in treatment A. Therefore, in times of high filtration rate, ingestion rate is also high. Gimin (2007) , also report that higher ingestion rate occurred in times of high filtration rate in mangrove oyster Polymesoda erosa that is 41.07 ( 10 7 ) cell h -1 at the time of filtration rate reached 2.5 l h -1 . Duncan test of multiple regions showed that treatment A was not different from treatment B, which indicate that the total mass of feed in the digestive tract was relatively the same. Similarities in the mass of microalga that was ingested, showed that ingestion process in pearl oyster was limited by the capacity of digestive tract. The difference in filtration rate but the ingestion rate were the same in several treatments indicated that bivalves were able to regulate the physiology process to achieve a constant ingestion rate (Gimin, 2007) . In this experiment, the best filtration and ingestion rate were obtained at the current velocity of 8 cm s -1 .
Basically, the higher concentration of particles the higher the value of filtration rate, but the ingestion rate or the ability of the stomach to accommodate food is limited by the size and speed of the stomach to digest food. The declining of ingestion rate at the second and the third hour in this study because of the rest period of filtering and reach satiation or until the digestion capacity filled with microalga. Laing (2004) , reported that king scallop (Pecten maximus) decreases the filtration process when the satiation reached. This effect, seen in other bivalves, is a result of saturation of the alimentary canal, causing the animals to close their valves and restrict the filtration rate.
As the effect of current velocity on ingestion rate also depends on particle concentrations, Grizzle & Lutz (1988) suggested that food flux (e.g. velocity x particles concentration) is a better predictor of growth rather than the separate parameters. In our study, only the influence of current velocity was explored, and complementary experiments are still needed for a better understanding of P. maxima ingestion activity, such as the quantity and quality of food, and the balance between inorganic and organic particles in the water column.
CONCLUSION
Different current velocity affected the filtration and ingestion rate in the pearl oyster P. maxima. The highest filtration and ingestion rate in this experiment were obtained at the current velocity of 8 cm s -1 that achieved 3.409±0.485 L/h and 37.91±1.27 (x10 7 ) cells/h for the each filtration and ingestion rate.
